As promising candidates for the progress of low-temperature thermoelectric devices, MgAgSb-based thermoelectric materials have drawn a great deal of attention. However, due to complicated phase changes, high content of impurities and high volatilization of Mg, it is difficult to synthesize pure phase MgAgSb-based thermoelectric materials via conventional methods. Here, MgAgSb alloy was successfully synthesized by a combination of common planetary ball milling and spark plasma sintering. Furthermore, the introduction of Zn improved the purity of alloys, leading to optimization of the electrical transport properties. As a result, the power factor was improved from 1087 mW m À1 K À2 for MgAg 0. 
Introduction
Thermoelectric (TE) materials can directly convert thermal energy into electrical energy and have been widely used in power generation and cooling devices in the past decades. 1 The energy conversion efficiency of TE materials is mainly determined by the dimensionless gure of merit, ZT ¼ S 2 sT/k tot , where S, s, T and k tot are the Seebeck coefficient, the electrical conductivity, the absolute temperature and the thermal conductivity, respectively. 2, 3 Hence, in order to reach high ZT, it is imperative to minimize heat transport and simultaneously maintain good electrical properties. 4 Two state-of-the-art methods for enhancing ZT of existing materials are optimizing the power factor (PF) and reducing the lattice thermal conductivity. For the former, it can be realized through band engineering, 5 carrier concentration optimization, 6,7 promotion of carrier mobility 8, 9 and searching for materials with high PF.
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For the latter, controlling the nano-microstructures 11 and developing materials with intrinsically low thermal conductivity have proven to be effective ways for enhancing ZT. [12] [13] [14] Optimization of carrier concentration and microscopic control of nanostructures are the main methods to improve TE performance. Several TE materials with high ZT are being explored widely, including SnSe, 15 GeTe, 16 
Cu 2 Se

17
and Bi 2 Te 3 .
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Commercially used TE materials for solid state refrigeration are mainly Bi 2 Te 3 -based alloys near room temperature. 19, 20 However, due to the lack of elemental content, toxicity and poor mechanical stability, commercial applications of the above materials are severely limited. Therefore, it is crucial to develop TE materials with more favorable characteristics.
Recently, Mg 3 Sb 2 (ref. 21 ) and Half-Heusler 22-29 compounds have caused signicant concern. The common problem is that these compounds are used only at moderate and high temperature ranges. MgAgSb materials have been extensively studied due to their excellent TE performance including intrinsic low thermal conductivity, rich elemental content, good mechanical stability and thermal stability at room temperature. 30 Tan et al. has proposed that high ZT can be achieved by band engineering to improve the TE performance of MgAgSb via Zn and Pd doping. 31 Although the MgAgSb-based TE materials with high performance can be used at near room temperature, the synthesis of pure phase MgAgSb is still an issue. There are three different crystal structures of MgAgSb: (1) a tetragonal a-phase with a space group of I 4c2 at low temperature (room-590 K), (2) a Cu 2 Sb-related b-phase with a space group of P4/nmm at intermediate temperature (590-630 K), and (3) a Half-Heusler gphase with a space group of F 43m at high temperature (630-700 and (2) the combination of high temperature melting, spark plasma sintering and heat treating at high temperature. 34 In addition, due to the high cost of high-energy ball milling and the complexity of the high-temperature sintering synthesis process, there are some difficulties for the synthesis of MgAgSbbased TE materials. However, the ordinary ball-milling has lots of advantages, such as low center of gravity, stable performance, easy operation, safety, reliability, and low noise and loss levels.
In this study, the combination of adjusting the element ratio, ball milling time of ordinary planetary ball milling and spark plasma sintering has been adapted to prepare MgAgSb successfully. We compared our work with other groups' experimental processes and data. As shown in Table 1 , the advantages and some novelties of our materials compared with the commercial Bi 2 Te 3 materials are: (1) MgAgSb materials are cheaper, less toxic, and exhibit richer elemental content, better mechanical stability, thermal stability and lower thermal conductivity at room temperature. (2) At present, this synthesis method of combining a common planetary ball milling and spark plasma sintering has not been reported for MgAgSb materials. Our synthesis method effectively avoids the reaction of Mg with the quartz tube and has the advantages of being easy, fast and highly efficient. This study provides guidance for the synthesis and performance improvement of other thermoelectric materials. In addition, Zn doping has not been reported yet for MgAgSb materials. Aer doping with Zn, the improvement of total TE performances has been achieved with maximum ZT values of 0.7 at 473 K. Our study proposes that MgAgSb-based materials are promising candidates for the development of low-temperature TE devices, which are bene-cial for applications in low temperature power generation and cooling systems with improved energy conversion efficiency.
Materials and methods
Synthesis process
The samples were fabricated by combining the ordinary planetary ball-milling (WXQM-1L) and spark plasma sintering (SPS, LABOX-325, SINTER LAND INC.) processes. Mg (99.5%, Aladdin), Ag (99.9%, Macklin), Sb (99.5%, Aladdin), and Zn (99.99%, Aladdin) were weighed with the nominal composition Mg 1Àx Zn x Ag 0.9 Sb 0.95 (x ¼ 0%, 2%, 3%, 4% and 5%) and then loaded into the stainless steel jar in a glove-box under argon atmosphere. These powders were subjected to ordinary planetary ball-milling at 600 rpm for 18 h under argon atmosphere. Then they were densied in a graphite die of F 15 mm and sintered by SPS at 573 K for 10 min under an axial compressive stress of 50 MPa in vacuum. The relative densities were approximately 94% of the theoretical values. ZT measurement uncertainty: the uncertainties of the electrical resistivity and Seebeck coefficient are 3%; the uncertainty for the total thermal conductivity is about 12%. The uncertainty for the nal ZT is about 20%.
Characterization
The powder diffractometer (D8 Advance, Bruker) was used to observe X-ray diffraction (XRD) patterns. The morphology observation was performed by eld-emission scanning-electron microscopy (FESEM, Hitachi S-4800, Japan). The electrical resistivity and Seebeck coefficient were measured simultaneously by the dynamic direct current (DC) method (CTA-3, Cryall) with temperature gradients of 30 K, 40 K, and 50 K in a low pressure argon (99.999%) atmosphere. The thermal conductivity (k tot ) was calculated using the equation k tot ¼ DrC p , where D, r and C p are the thermal diffusivity, the measured density, and the specic heat, respectively. The laser ash thermal analyzer (EM-500, TA) was used to measure the thermal diffusivity coefficient. Density was measured multiple times using the Archimedes method. The differential scanning calorimetry (DSC-404F3, NETZSCH) was used to measure the specic heat. The Hall coefficient (R H ) at room temperature was measured by the Physical Properties Measurement System (PPMS, Quantum Design, Inc.). The Hall carrier concentration (n) and mobility (m) were calculated using equations: R H ¼ 1/ne and s ¼ nem, respectively. Results and discussion 
content exceeded 3%. There is only a trace amount of impurity phase of Sb, and Ag 3 Sb is occasionally observed when x ¼ 3%. Aerwards, metallic Sb and Ag 3 Sb exist in the main phase of MgAgSb when x > 3%. Therefore, it could be inferred that Zn doping can improve the purity and crystallinity of MgAgSb, enhancing the electrical properties as shown later.
Looking at the main peaks in the regions of 20 $ 30 , as shown in Fig. 1(b) , one can see that these peaks do not shi toward low or high diffraction angles with the increase in Zn content. This suggests that Zn doping has less effect on the lattice structure due to the closer ionic radius between Mg (0.66 A) and Zn (0.68 A) than Sb (0.76 A) and Ag (1.15 A). 39 Thus, it is easier to replace Zn with Mg in the lattice. Fig. 2 shows the SEM images of Mg 1Àx Zn x Ag 0.9 Sb 0.95 (x ¼ 0% and 3%). The freshly broken surface of Mg 0.97 Zn 0.03 Ag 0.9 Sb 0.95 sample was shown in Fig. 2(a) , the grain size is from 50 nm to 200 nm. As shown in Fig. 2(b) , energy dispersive X-ray spectroscopy (EDX) images show that all the elements are homogeneously distributed in the sample. Due to the low resolution of EDX, the medium magnication TEM images are shown in Fig. 2(c) and (d). There are a few impurities in MgAg 0.9 Sb 0.95 and the grain size of impurities is from 200 nm to 3 mm. Fig. 2 (e) and (f) show the polished surface of Mg 0.97 Zn 0.03 Ag 0.9 Sb 0.95 , indicating that the impurities are reduced by 3% Zn doping and the grain size of impurities were decreased to be varying from 100 nm to 600 nm. It can be inferred that Zn could combine with Sb and Ag 3 Sb to form ZnAgSb to reduce the concentration of impurities 40 which are easily formed in the absence of Zn doping. Fig. 3 shows the temperature dependence of the electrical properties of Mg 1Àx Zn x Ag 0.9 Sb 0.95 (x ¼ 0-5%) samples. When the measured temperature increased from 323 to 573 K, the electrical resistivity rst increased and then decreased signi-cantly. The highest electrical resistivity is reached at 423 $ 473 K, which is shown in Fig. 3(a) . The electrical resistivity of all samples increases with an increase in Zn content. Typically, as the carrier concentration gradually decreases, as shown in Fig. 4(a) , the electrical resistivity at 473 K increases from 1.25 Â 10 -5 U m for MgAg 0.9 Sb 0.95 to 1.54 Â 10 -5 U m for Mg 0.97 -Zn 0.03 Ag 0.9 Sb 0.95 . The higher electrical resistivity below 450 K for 3% Zn doping and above 450 K for 5% Zn doping is due to the appearance of Sb and Ag 3 Sb impurities when the Zn content exceeds 3%, which leads to the low resistivity. In addition, the decrease of electrical resistivities above 450 K could be attributed to the bipolar effect.
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The temperature dependence of the Seebeck coefficient for all the Zn doped samples is shown in Fig. 3(b) , which indicates that all the samples are p-type semiconductors. The Seebeck coefficient of Mg 1Àx Zn x Ag 0.9 Sb 0.95 samples increases with increasing Zn content (x # 3%) and peak sat 423 K. This observation can be ascribed to the typical characteristic of bipolar diffusion effect caused by a narrow band gap for MgAgSb-based materials. 34 The Seebeck coefficient for sample MgAg 0.9 Sb 0.95 at 423 K is 118 mV K
À1
, which increases to 148 mV K À1 for Mg 0.97 Zn 0.03 Ag 0.9 Sb 0.95 .
The signicantly enhanced Seebeck coefficient can be attributed to the reduced carrier concentration caused by Zn doping. The values of the power factor for all Zn doped samples are obtained as shown in Fig. 3(c) Fig. 4(a) . Notably, the carrier concentration rapidly decreases from 2.32 Â 10 20 to 1.55 Â 10 20 cm À3 at 300 K due to the decrease in impurities with Zn doping.
As the major component of MgAgSb, Mg is easily volatilized to form the Mg vacancy during the synthesis processes, which leads to the damage of the materials. Owing to the higher stability of Zn, the volatilization is suppressed with Zn doping, contributing to the reduction of the vacancy. The results show that as the Zn content increases, the carrier concentration is signicantly reduced. In addition, Ag 3 Sb is a metal and can reduce the Seebeck coefficient by increasing the carrier concentration. Therefore, it can be inferred that Zn doping improves the purity of MgAgSb, giving rise to its improved electrical properties. We can see the same trend in Hall mobility of MgAg 0.9 Sb 0.95 and Mg 0.97 Zn 0.03 Ag 0.9 Sb 0.95 in Fig. 4(b) . The Hall mobility at room temperature reaches 20 cm 2 V À1 s À1 . The effective concentration of impurities, the carrier concentration and some other material-specic parameters are vital for strengthening the ionized impurity scattering. The carrier relaxation time of ionized impurity scattering under the Born approximation and a coulombic potential screening effect is expressed as:
where e is the elementary charge, N I is the effective impurity density, k B is the Boltzmann constant, and ħ is the reduced Planck constant. n* is related to the carrier concentration n and the charge compensation (when both acceptors and donors are present), and equal to n if a single type of impurity is present (such as the donors in an n-type semiconductor). It is evident that the carrier screening effect (proportional to K) and the charge compensation (b) both inuence s I signicantly. The Hall mobility dependence of temperature (m H vs. T À1 ) conrms that all samples exhibit a carrier transport mechanism dominated by ionized impurity scattering. 33 Ionized impurity scattering could play an important role in the carrier transport (T > 300 K) since almost all of the thermoelectric materials are heavily doped semiconductors. The charged impurities not only lter out low energy carriers but also enhance the phonon scattering. It could be inferred that a simultaneous reduction in thermal conductivity can be achieved. 44 In addition, ball-milling is an effective top-down industrial approach to obtain ne particles and large quantities of nanoparticles. 45 All of the grain boundaries, nanointerfaces between nanograins and nanoprecipitates affect the transport of electrons and phonons. 46 The combination of ionized impurity scattering and the grain boundaries scattering drastically suppresses thermal conductivity. With the increase in Zn content, the total thermal conductivity gradually increases, which may be due to the presence of Sb and Ag 3 Sb impurities as shown in Fig. 1 . 
Conclusion
We combined the ordinary planetary ball-milling and spark plasma sintering to synthesize MgAgSb-based alloys and improve their thermoelectric performance. On one hand, Zn substituted Mg in Mg 1Àx Zn x Ag 0.9 Sb 0.95 (x ¼ 2-5%) enhances the purity and crystallinity, which possibly contribute to the reduction of the vacancy formation. This substitution could improve electrical performance of the sample to a certain extent. On the other hand, the benets of combining ionized impurity scattering and the grain boundaries scattering drastically suppress thermal conductivity. Therefore, a peak value of ZT $ 0.7 is obtained at 473 K for Mg 0.97 Zn 0.03 Ag 0.9 Sb 0.95 by simultaneously optimized electrical and thermal performance. Our research presents a simple and economical ordinary planetary ball-milling method instead of the high energy ball milling to fabricate MgAgSb alloys with enhanced thermoelectric properties. This method could be further extended to preparation of other thermoelectric materials.
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